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Abstract 
Various ever-changing market demands have propelled manufacturing companies to offer product variety in an efficient and timely manner. 
Assembly as a key stage of manufacturing operations is used to realise product variety through establishing mixed-product assembly lines. 
Although establishing a flexible mixed-product assembly system which both offers product variety and absorbs market demands fluctuation is 
pivotal for maintaining competitive edge in certain industries such as vehicle manufacturing, it is also considered an elaborate task which calls 
for further investigation. In this paper, complexity in a flexible mixed-product assembly system is investigated and the key drivers of 
complexity are identified. To fulfil the research objective, a case study during the pilot implementation of a flexible mixed-product assembly 
concept in a heavy vehicle manufacturing company has been conducted. The results indicate the key factors concerning assembly operation, 
product design, and information and communication technology (ICT) which contribute to complexity in the flexible assembly system. The 
paper concludes with an outlook for possible future research. 
© 2015 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Increased product variety and shortened product lifecycle 
have turned manufacturing companies to employ different 
approaches in order to become flexible and remain 
competitive in the global market. The modern manufacturing 
world is characterised by ever-increased demands for 
flexibility in process, product ranges, and dealing with 
customers and suppliers, while having to deliver reliably and 
at ever lower costs [1]. Flexibility increases the manufacturing 
responsiveness of a system as it improves the utilisation of 
available system resources to improve operational 
performance, as well as manufacturing system’s ability to 
cope with internal and external disturbances under tight due 
date targets [2]. Flexibility in assembly system stems from the 
major dimensions of volume, mix and new product namely, 
the assembly system’s responsiveness and adaptability to 
market fluctuations and its capacity to produce different 
products [3]. Assembly, as a key stage in manufacturing 
operations, is used to create variety in products. Variety can 
be achieved at different stages of product realisation, during 
design, fabrication, assembly, at the stage of sales, or through 
adjustment during the usage phase [4]. Mixed-product 
assembly lines are amongst the most useful approaches for the 
manufacturing companies that enable creating product variety 
and also offer flexibility. In the last decade, some 
manufacturers have made product diversity their priority and 
have operated mixed-product assembly lines to meet variable 
demands from customers and to be more competitive in the 
industry [5]. In fact, flexible assembly system can be realised 
through mixed-model or mixed-product assembly concepts 
since not only they offer high variety, but they also mitigate 
demands fluctuations [6, 7]. However, as increased product 
variety in assembly lines leads to increased complexity and its 
consequent various costs, establishing a mixed-product 
assembly line becomes an elaborate task. Variety allows 
manufacturers to satisfy a wide range of customer 
requirements, but it can also be a major contributing factor to 
increased complexity of assembly [8]. Product variety and 
options have a significant and adverse impact on productivity, 
labour cost, assembly line downtime, minor repair and major 
rework, and inventory levels [9]. Specifically, in certain 
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industries, the growth in product variety has huge impact on 
the performance of assembly system. For instance, in case of 
automotive vehicle production, increased product variety has 
significant negative impact on the performance (quality and 
productivity) in assembly and parts supply [6]. Hence, owing 
to the significance of flexibility and considering the 
complexity resulted from product variety, the need for design 
of less complex systems has been highlighted as a key area for 
further research. Designing systems for less complexity and 
mapping between product complexity and system complexity 
are important issues for further research [10]. To design and 
facilitate a flexible assembly system, the complexity resulted 
from increased product variety and with regards to practical 
development of the flexible assembly system need to be 
investigated. Recognising the key drivers of complexity in 
flexible assembly system is crucial for manufacturing 
companies, since the efforts to reduce or eradicate them 
further impact the design of the assembly system as well as 
the design of products that are to be produced in the assembly 
system.  
Thus, based on a great interest from the industry, the 
objective of this paper is to investigate the drivers of 
complexity in a mixed-product assembly line and with regards 
to flexibility in assembly system. To accomplish this research 
objective, a case study in a heavy vehicle manufacturing 
company was conducted. The paper is structured as follows. 
First, a brief overview on flexibility and complexity in mixed-
product assembly lines is presented in (section  2). Then, the 
research methodology is described, (section  3) and is followed 
by the results of the case study, (section  4). The discussions 
and analysis is presented in (section  5) and is followed by 
conclusions and directions for future research (section  6). 
2. Increased variety, flexibility and complexity  
Flexibility is widely considered as the ability to change and 
accommodate uncertainty [11-14]. Flexibility in assembly 
system is based upon the major dimensions of volume, mix 
and new product, which corresponds to the extent of the 
responsiveness and adaptation of the assembly system 
towards market fluctuations, while being able to produce 
different products [3]. Hence, in addition to various 
dimensions of flexibility that may exist in flexible assembly 
systems, the capability to create variety of products with low 
complexity and low uncertainty is considered pivotal for a 
flexible assembly system, see Fig. 1.  
This capability can be realised through mixed-product 
assembly lines [5, 6]. In mixed-product assembly lines, 
multiple products with only one model in each production line 
are produced [5]. Nevertheless, because of the increased 
product variety, establishing a mixed-product assembly line in 
which various products are offered and volume demands are 
satisfied, is regarded a complicated task due to the increased 
complexity. 
Increasing the product variety means increasing 
manufacturing complexity, which eventually leads to higher 
managerial burdens in order to handle all the symptoms of 
increasing products varieties and associated escalating 
administrative cost [15].
 
The link between product variety, uncertainty and 
manufacturing complexity has been highlighted in the 
literature [1, 16, 17]. Additionally, product variety has been 
referred to as the main cause of complexity for assembly 
system within automotive vehicle manufacturing industry [6].  
Complexity itself, can be regarded as complications of the 
manufacturing production process [18] and can be defined by 
geometry, topology, manufacturability, and assembly factors 
[19]. Complexity in manufacturing and assembly is classified 
into two types of static and dynamic complexity [10, 16]. 
Accordingly, static complexity is time-independent 
complexity due to the product and systems structure while, 
dynamic complexity is time-dependent and deals with the 
operational behaviour of the system [10].  
3. Research methodology 
In order to provide an in-depth description and analysis of 
the drivers of complexity in a flexible assembly system, case 
study has been chosen as the research methodology in this 
paper. A case study is a preferred scientific research method 
to closely investigate and understand a specific phenomenon 
within its natural context [20, 21]. Prior to this case study, the 
case company -a large leading heavy vehicle manufacturing 
company- had developed a flexible assembly concept through 
which four products (A, B, C and D) from distinct product 
families were to be assembled on a semi-automatic mixed-
product assembly line. Following the concept development 
phase at the case company, the activities of the pilot 
implementation of the flexible assembly system were initiated 
as a new project phase namely, “pilot implementation phase”. 
During the pilot implementation phase, the previously 
developed concept of a flexible assembly system was 
practically implemented and tested. The focus on the issues of 
flexibility and complexity during the practical development of 
the flexible assembly system were the main motivations 
behind conducting this case study during the “pilot 
implementation phase”. According to the assembly concept 
Fig. 1. flexible assembly system offers high product variety with 
low complexity and low uncertainty 
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and during the pilot implementation, there were five assembly 
zones. All of the products went through one assembly zone 
consecutively and after completion of the respective assembly 
operation all of the products followed to the next assembly 
zone, Fig. 2.  
Data collection in this case study was mainly carried out 
through three channels, participant observations, interviews 
and questionnaires. The observations were made over the 
period of ten months when the authors took part as participant 
observers in all of the meetings and workshops held during 
the “pilot implementation phase” at the case company. It must 
be mentioned that a large number of these meetings were 
specifically devoted to discussions around the issue of 
complexity in the developed flexible assembly system and the 
practical solutions regarding that. The rest of the meetings 
were general discussions regarding the on-going activities, 
progress, and practical challenges of the flexible assembly 
concept implementation. Additionally, the workshops during 
“pilot implementation phase” were held as brainstorming 
sessions to discuss the implementation activities with regards 
to flexibility and complexity in assembly system. The 
interviews were conducted as both in-depth interviews and 
semi-structured interviews. The semi-structured interview 
with assemblers was performed as a group interview in which 
four assemblers participated. In addition to the observations 
and interviews as the data collection sources common to case 
study, questionnaires have been also used to directly collect 
the data from the assemblers regarding the perceived 
complexity. Although questionnaires may be used as the only 
data collection method, it may be better to link them with 
other methods in a multi-method research design [22]. In the 
under-study semi-automatic assembly system, main assembly 
tasks were performed by assemblers. Thus, the primary focus 
of the questionnaire was on the identification and rating of the 
drivers of complexity as perceived by the assemblers and in 
relation to the main assembly operation in each zone. The 
questionnaire initially had twenty eight questions and was 
divided in three sections. However, to provide a sharp focus 
on the drivers of complexity in the flexible assembly system, 
only the results from the first and second sections of the 
questionnaire are presented and discussed here. The first 
section focused on the general information regarding the 
product, operation and expertise of the assemblers. The 
second part of the questioner investigated the drivers of 
complexity in relation to the level of complexity in the task as 
perceived by assemblers. In this section, questions were asked 
through a five point Likert-style numeric rating scale. 
 The respondents (the assemblers) were asked to rate few 
drivers of complexity for assembly operations in each 
assembly zone and for each of the four products. These 
drivers of complexity were previously identified through a 
brainstorming session with the cross-functional team of the 
case project. As shown in Fig. 3, “1” indicates the lowest 
impact and “5” refers to the highest impact of the respective 
driver of complexity. Moreover, the assemblers were given a 
choice to freely state the other key drivers of complexity 
which were not mentioned in the questionnaire. Due to the 
generic assembly operation for all of the vehicles in the last 
assembly zone (wheels installation), only the first four 
assembly zones namely, joining, cabin installation, trimming, 
and fluids filling have been considered in this study. The 
questionnaires were answered by two assemblers performing 
the assembly operation. During the operations in each zone, 
on every different machine, the assemblers rotated in their 
group of four and at the end of operation in each assembly 
zone, they were replaced by other two assemblers. When the 
assemblers were not assembling, they were supporting 
assembly activities through recording movies of the assembly 
operation to document complexity and the problematic areas. 
It is worthy to mention that except for product A for assembly 
of which the assemblers were expert (with average experience 
of 13.5 years) and had the access to the assembly work 
instructions, the other three products (B, C and D) were 
totally new products in terms of assembly content for the 
assemblers. For these three products the assemblers had 
neither training nor access to the assembly work instructions. 
Given the situation, prior to the start of the assembly, the 
assemblers have disassembled and reassembled products B, C 
and D to learn about the parts and the assembly operations of 
those products. The assemblers’ job experience in the heavy 
vehicle manufacturing industry ranged from 4 to 42 years, 
whereas their years of experience in the case company ranged 
from 4 to 40 years. In total fourteen questionnaires were 
answered by the assemblers. Moreover, the assemblers had 
short meetings regarding the issue of the complexity with 
their supervisors on weekly basis. The results of these 
meetings were later discussed within the project team. A 
detailed description of the research methodology applied 
follows in Table 1. 
 For the analysis of the data in this work, the five stepped-
generic approach of data analysis (categorising data and 
coding, unitising data, recognising relationships and 
developing categories, developing testable propositions, and 
drawing conclusions) suggested by Saunders, Lewis [22] has 
been followed. In order to validate the results, they have been 
presented to the respondents and have been discussed with 
them. Moreover, the results of the study have been presented 
in the case company on several occasions. 
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Fig. 3 numeric rating scale used in the questionnaires 
Fig. 2 assembly flow in the flexible assembly concept 
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Table 1. Sources of data collection and evidence 
Data source Techniques No. Participants
/ 
respondents 
Duration 
(min) 
Observations-
pilot 
implementation 
Meetings 
(complexity) 
26 Cross-
functional 
project team 
30-60 
Meetings 
(general) 
9 Cross-
functional 
project team 
30-60 
Workshops 10 Cross-
functional 
project team 
300-480 
Informal 
discussions 
Several Case 
company 
employees 
 
Interviews In-depth 
Interviews 
3 Project 
manager  
60-90 
Semi-
structured 
Interviews 
2 
 
Pilot test 
manager 
15 
 1 Assemblers  60 
Questionnaires  14 Assemblers   
4. Results 
The concept developed as a flexible assembly system was 
a semi-automatic mixed-product assembly line in which four 
heavy vehicles (A, B, C and D) from distinct product families 
were to be assembled. According to the flexible assembly 
concept, the case company transitions from mixed-model 
assembly lines to mixed-product assembly lines. The 
proposed assembly line concept had two subassembly flows 
and five assembly zones, see Fig. 2. In the subassembly area, 
the upper structure of vehicles was assembled in one 
subassembly line and the under structure was assembled in 
another one. Thereafter, the upper and the under structures 
enter the main assembly line where they were joined together 
at the first assembly zone in the main line. In all of the main 
assembly zones, the products were transported from one 
assembly zone to another assembly zone on an automated 
continuously moving assembly line. Considering the proposed 
layout of the main assembly line, all the vehicle follow a 
common assembly sequence that is regarded as a principle of 
the flexible assembly concept. Keeping zero buffer at the line 
by facilitating one-peace flow, reducing assembly takt times 
relative to the current assembly times, and increasing shared 
assets for the assembly of different products are other key pre-
determined characteristics of this flexible assembly concept. 
4.1.  Key drivers of complexity in flexible assembly  
 The respondents were asked to indicate their perception of 
complexity of assembly operations in each zone by dividing 
them into three general categories: complex, neither complex 
nor simple, and simple operations. Then, they were asked to 
rate the stated drivers of complexity considering the situation 
in each assembly zone and according to a rating scale ranging 
from 1 to 5. Among all the operations, the operations in three 
assembly zones were categorised as complex by the 
assemblers: joining of product C, cabin installation for 
product D, and trimming for product B. The key drivers of 
complexity in the operations categorised as complex are 
presented in Table 2. 
Table 2. Rating average of complexity drivers in the flexible assembly system 
(in calculation of the average for each item, the complexity drivers indicated 
as not applicable have not been included). 
 
In connection to the results from questionnaires, product 
design, assembly operation, and information and 
communication technology (ICT) were regarded as the 
generic areas which contribute to increased complexity and 
accordingly making changes in those areas was identified to 
reduce complexity and simplify the assembly tasks for the 
assemblers in the flexible assembly system.  
4.1.1. Product design 
The complexities in assembly concerning the product 
design are identified to be concerned with the assembly 
sequence, assembly interfaces, and number of parts. 
Assembly sequence. Following a common assembly 
sequence is considered as an essential principle that enables 
flexibility in assembly system. However, the product design 
does not support conducting all the operations according to 
the common assembly sequence. For instance, the product 
design does not support joining and cabin installation as the 
early assembly steps in line with the proposed main assembly 
flow. This counts as the main cause of complexity in joining 
the upper and under structures of vehicle C. Additionally, 
following a common assembly sequence leads to an increased 
and different assembly work content. For instance, as a result 
of following the common assembly sequence, during the 
cabin installation for product D, assemblers have to work in a 
confined area under the cabin for rather a long time.  
Assembly interfaces. Maintaining standardised assembly 
interfaces in product design in terms of grasping, positioning 
and attaching has a great impact on the quality and speed of 
assembly operations. Regarding grasping and positioning of 
different product modules, different connection points to 
fixtures in different products calls for re-adjustment solutions 
or new fixture designs. As for attaching, there are different 
Drivers of complexity 
Ranking 
average 
Following a common assembly sequence 5.0 
Dissimilarities in overall product design 4.7 
Different assembly work content  4.7 
Dissimilarities of hydraulic interfaces 4.5 
Different connection points of products to fixtures 4.5 
Use of different equipment for different products 4.5 
Small space for the assemblers to work in 4.3 
High assembly workload for assembler 4.3 
Limitations linked to physical dimensions  4.0 
Dissimilarities of electrical interfaces 3.3 
Use of different tools for different products 3.0 
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types of electrical connectors in the cabin installation which 
complicate the connecting operation and call for one common 
connection points for electrical interfaces in cabin module. In 
addition, the same issue is also spotted in the joining area as 
the assembler face various electrical and hydraulic interfaces 
that need to be correctly connected. Similar marking on the 
interfaces which have similar functionalities was identified to 
facilitate the assembly operation.  
Number of parts. Use of variety of parts increases the 
complexity of grasping, positioning and attaching for the 
assemblers. For instance in the cabin installation of product D, 
the bolts used under and on the top of cabin are needed to be 
of the same size and the similar torque must be applied to 
them for all products. This further also facilitates utilising 
common tools. Moreover, use of various parts for the same 
functionality further complicates material supply since 
materials presented at the assembly line require a large space. 
4.1.2. Assembly operation  
Complexities concerning the assembly operation in the 
flexible assembly are mainly connected to use of continuously 
moving assembly line and use of assembly equipment and 
tools. The continuously moving assembly line is regarded as a 
principle in the flexible assembly concept and the pilot 
implementation of the concept indicates that it introduces 
complexity into the assembly operations. The current design 
and physical dimensions of vehicles makes the joining 
operation of the structures difficult during a continuously 
moving assembly line. Additionally, the continuously moving 
assembly line increases the complexity regarding the 
utilisation of lifting equipment, and material supply and raises 
concerns regarding the safety of assemblers. While the cabin 
is lifted by lifting equipment, assembly work is still on-going 
under the cabin and above the structure as the assembly line 
moves forward. The standstill positioning of the lifting 
equipment that carries the cabin, makes it impossible to 
position the cabin on the vehicle body. Therefore, the lifting 
equipment must be allowed to move in different directions to 
be synchronised with the speed of the continuously moving 
assembly line.  
Common lifting equipment can be utilised for lifting the 
cabin in cabin installation provided that common lifting points 
are considered among all the vehicles design. Moreover, in 
the joining operation, a common assembly tool can be used if 
a similar joining pin for all the vehicles is utilised. 
Since the automatic torque arms can only torque at fixed 
positions, they are incompatible with the continuously moving 
assembly line. On a moving assembly line concept, to access 
the hand tools cabinet in a fixed position the assembler has to 
walk to and from the assembly line. Accordingly, the moving 
system does not allow the use of ladders and platforms in a 
fixed position unless they are constantly transferred by the 
assemblers. In general, the assemblers describe the 
continuously moving line as a stressful experience. 
4.2. Information and communication technology (ICT) 
The content and form of the assembly task related 
information presented to the assemblers was identified as a 
complexity driver by the assemblers. Considering the flexible 
assembly concept, for different products, similar instructions 
with similar level of details need be developed. Three 
dimensional illustrations of parts and products are preferable 
since this enables assemblers to simultaneously notice and 
also trace the changes in the product design. Additionally, use 
of portable digital assembly work instructions (e.g., Google 
glasses, or tablet computers) instead of paper sheets was 
found to be more suitable for assemblers as it allows storage 
of all the necessary information of all the products. Moreover, 
a portable digital screen can be easily carried to the exact 
assembly points, and accessed there while it can be also 
maintained easier than paper sheets. 
5. Discussions  
Product variety, complexity and flexibility have been 
previously linked to uncertainty [1, 11, 14, 16, 17]. With 
regards to the definition of flexibility in assembly system [3], 
a flexible assembly system is expected to offer high product 
variety in the presence of low uncertainty and with low 
complexity, Fig. 1. Thus, product variety results in both 
flexibility and complexity in the assembly system while 
achieving the former requires reducing the latter.  
The findings of this paper suggest few key drivers of 
perceived static complexity [10] that are caused by product 
variety in the practical development of a flexible mixed-
product assembly system. Based on the data presented in 
Table 2, following a common assembly sequence is regarded 
as the most critical driver of complexity in the flexible 
assembly line. Additionally, dissimilarities in overall products 
design, different assembly work content, dissimilarities of 
hydraulic interfaces, different connection points to fixtures for 
different products, and use of different equipment for different 
products are on average rated as the second and third highly 
influencing drivers of complexity. Given that the assembly 
tasks of (product A), for which the assemblers were 
experienced were not identified as complex tasks, indicates 
the significance of assemblers’ skills in influencing the 
perceived complexity. According to the case study, the key 
drivers of complexity can be classified into three main 
categories of product design, assembly operation, and 
information and technology, see Fig. 4. As illustrated in Fig. 
4, different factors concerning these three generic areas 
contribute to complexity in flexible assembly system. The 
identified areas indicate that through reducing complexity in 
product design, assembly operation, and Information and 
communication technology (ICT), flexibility in assembly 
system can be supported. This also highlights the pivotal role 
that the standardised and modular product design plays in 
securing overall flexibility of assembly system in terms of 
delivering various mix of products in an efficient manner and 
through satisfying requirements on assembly sequence, 
assembly interfaces, and number of parts.  
6. Conclusions and outlook 
Through a case study during the practical development of a 
flexible mixed-product assembly system in heavy vehicle 
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manufacturing industry, in this paper, the drivers of 
complexity caused by product variety in a flexible assembly 
system have been identified. Identifying these generic drivers 
of complexity supports development of a systematic approach 
to reduce complexity in such systems while flexibility is 
secured. Moreover, recognising the drivers of complexity in 
flexible assembly system also facilitates design of products 
closely aligned with the flexible assembly system’s capacity. 
This paper also opens up an opportunity for future research 
on complexity in other parts of flexible assembly system such 
as material supply which has not been the main focus of this 
research work.  
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